The relationship between Si(OH)4 and δ 30 Si in sponge spicules is the same in different 22 ocean basins, between specimens that grew in different temperature and salinity 23 conditions. Our core-top data agree well with the modern sponge calibration 24 indicating there are no significant post-depositional effects or early diagenetic 25 overprints. These two new datasets support the assertion that sponge δ 30 Si can be 26 used as a proxy for silicic acid concentrations in the past. 27
INTRODUCTION 28
The marine Si cycle is linked to global climate through coupling with the carbon cycle 29 and the influence of tectonics and silicate weathering (West et al., 2005) . In the 30 modern ocean, biological precipitation of amorphous silica (opal) by diatoms is the 31 dominant process that removes dissolved Si (silicic acid, or Si(OH)4) from seawater, 32 and is an efficient conveyor of organic carbon to the seafloor (Falkowski et al., 2004) . 33
The efficient uptake of Si by diatoms leads to a depletion of Si(OH)4 in surface waters, 34 such that in modern oceans diatom blooms are reliant on upwelling sources of Si(OH)4. 35
The nutrient composition of upwelling waters, in particular the ratio of Si to other 36 major nutrients, plays a strong role in the population structure of phytoplankton 37 growing in surface waters (Sarmiento et al., 2004) ocean is unlikely to change, although there are regional and vertical differences 56 controlled by biological productivity and ocean circulation. The δ 30 Si of diatom opal 57 extracted from sediment cores have been used to reconstruct changes in ocean 58 productivity, because of the Rayleigh-type fractionation processes that occur during 59 uptake of Si(OH)4 in surface waters (de la Rocha et al., 1997 Rocha et al., , 1998 . However, the 60 interpretation of diatom δ 30 Si is challenging because the lack of constraints on the 61 spatial variation in δ 30 Si(OH)4, the composition of upwelling waters, mixing and export 62 rates (e.g. . 63 In contrast to foraminiferal proxies, there has been no core-top calibration of sponge 96 spicule δ 30 Si, although core-top spicules would provide a more appropriate 97 comparison for downcore records and indicate any post-mortem, post-depositional, 98 diagenetic or dissolution effects on sponge silicon isotopes. The high surface reactivity 99 of biogenic opal (Dixit & van Capellan, 2002) makes it susceptible to rapid early 100 diagenesis at the sediment-water interface. For example, the normalized aluminum 101 content of opal (Al/Si)opal, increases over an order of magnitude between water 102 column or sediment trap samples and surficial sediments (van Beusekom et al., 1997; 103 Hendry et al., 2010b) . A previous study has also found a potential diagenetic signal in 104 diatom opal δ 30 Si, thought to be a result of surface dissolution effects, which may 105 impact glacial-interglacial records by 10-30% (Demarest et al., 2009) , although this is 106 unlikely to have such an impact on spicules due to their more refractory nature 107 (Maldonado et al., 2005) . 108
Here, we extend the calibration for living specimens, and present new core-top spicule 109 data, from the Atlantic and Pacific Oceans. We also use our data in combination with 110 recently published experimentally derived assessments of silicon uptake rates 111 to explore the fractionation processes involved in 112 biosilicification in sponges. 113
METHODS AND MATERIALS 114

Samples and sample preparation 115
Modern sponges were collected by trawl or dredge from the following localities (Table  116 1; Fig. 1 The sponges were dried or frozen for transportation (with the exception of the 127 samples from the Smithsonian). Organic matter was removed by heating three times 128 in H2O2 (30% reagent grade) and then three times in concentrated in-house Teflon-129 distilled HNO3, followed by thorough rinsing in 18 MΩ Milli-Q water. Any remaining 130 lithogenic particles were removed by hand, before a final clean in 50% in-house 131
Teflon-distilled HNO3/10% HCl, followed by five further Milli-Q water rinses. The 132 spicules were dried, and 5-20mg of each sample was fused with high purity NaOH 133 pellets (Fisher Scientific) at 730°C for 10 minutes in cleaned silver crucibles, quenched 134 Typical internal 181 precision for the Si isotope ratios is comparable to the previous standard-sample 182 bracketing method as described above (standard deviation ~5 x 10 -6 ). The Si blanks of 183 the Mg solution were the same as for 5% HCl and were less than 1% of the signal on 184 the Si peak for each sample and standard. Blanks on 24 Mg are less than 5mV (<0.05% 185 of the signal). Samples and bracketing standards were spiked with Mg standard 186 (Inorganic Ventures), and intensity matched for 28 Si and 24 +0.48‰ to -5.72‰ ( Fig. 2A , Table 1 ). The core-top values fall within a similar range of 214 δ 30 Si values, from -0.93‰ to -3.86‰ (Table 1) . 215
Quantifying the fractionation of Si isotopes during the precipitation of biogenic opal 216 requires values for the isotopic composition of both the opal and dissolved silicon in 217 seawater in which the sponge grew (δ 30 Si(OH)4; Table 2 ). Si isotope fractionation by 218 the sponges can be approximated to the difference between the isotopic composition 219 of the seawater (Table 2 ) and the spicules assuming the opal is in equilibrium with the 220 surrounding medium, which we will refer to as the "apparent isotope fractionation": 221 Pacific sponges was greater, ranging between approximately -5‰ and -6‰, with one 231 as isotopically light as -6.5‰ (Fig. 2B ). This result is in agreement with previous 232 findings that the apparent Si isotopic fractionation in sponges is related to ambient 233 Si(OH)4 concentration ( Pacific shows that there is, in fact, no apparent influence of temperature ( Fig. 3) . 245
Silicification in sponges is controlled by enzymatic processes, which would suggest 246 that temperature could play an important role in Si uptake rates. However, 247 experiments with live sponges show that increasing temperature does not influence Si 248 uptake rates, consistent with our findings if Si uptake rate is the primary control over The nature of the relationship between Si(OH)4 concentration and uptake rate in 281 sponges resembles that between Si(OH)4 and Si isotopic fractionation. This non-linear 282 relationship between ∆δ 30 Si and Si(OH)4 is likely a result of fractionation during Si 283 uptake, whereby as Si uptake rates increase with concentration, fractionation involved 284 with these uptake processes also becomes enhanced . Although 285 there are likely to be additional factors, this effect can be modeled assuming that the 286 fractionation occurs in several steps: firstly as the Si is transported into the cell, 287 secondly as the Si is polymerized, and thirdly as Si is lost from the cell (Fig. 4A) . sponges, a level of influx fractionation that is greater than the uncertainty in the data 334 ( Fig. 4C ). The differences between the two datasets could have arisen due to bias in 335 the two contrasting experimental set-ups, for example as a result of the physiological 336 differences between explants, which show rapid regenerative growth, and whole 337 specimens, or due to adverse effects of the dissolved silicon added to the medium 338 . However, perhaps more importantly, the two studies focus 339 on two different types of sponge. H. panacea is a seasonal sponge, silicifying rapidly in 340 the spring for only a couple of months. In contrast, Axinella spp. Is a slow growing, 341 long-lived sponge that can lives for decades . Such differences 342 in growth behavior highlights that care must be taken when extrapolating the uptake 343 kinetics of shallow-water sponges to our predominantly deep-water sponge dataset. 344
Nonetheless, this model is a useful first approach for understanding and quantifying Si 345 isotope fractionation in sponges. 346
The fractionation constants calculated above were used to predict the sponge ∆δ 30 Si 347 for each location in the dataset using Equations 4 and 5. As predicted from the prior 348 misfit analysis, the observed and predicted ∆δ 30 Si values show a significant positive 349 correlation (r 2 = 0.82 for both sets of uptake kinetics parameters) and the majority fall 350 within error of a 1:1 line (Fig. 5) It should be noted that the model used in our discussion is a simplification of sponge 365 silicification. For example, the smaller microscleres may silicify in a different manner 366 to the large megascleres, which may complete formation external to the silicifying cell 367 (reviewed by Müller et al., 2007) , and there is evidence for different silicification 368 mechanisms in demosponges compared to hexactinellids (Maldonado & Riesgom 369 2007) . Understanding silicification mechanisms, and how they differ between 370 individuals and clades, will be an important component in understanding Si isotope 371 fractionation in sponges. 372
A comparison of sponges and diatoms 373
Above we have discussed the evidence for and possible mechanism behind variable 374 fractionation factors in deep-sea sponges. By contrast, culture experiments have been 375 used as evidence for a constant fractionation factor during Si uptake by diatoms, 376 independent of temperature and species (de la Rocha et al., 1997). However, given 377 that there is a relationship between silicic acid and growth rate in diatoms (e.g. 378 Paasche, 1973; Nelson et al., 2001) , and assuming fractionation processes occur during 379
Si influx, polymerization and efflux, one might expect a link between Si isotope 380 fractionation and ambient Si(OH)4 concentration.
One possible test of this 381 fractionation is to investigate diatom Si uptake in natural settings. However, although 382 reasonable for deep-sea sponges, the assumption of apparent equilibrium 383 fractionation may not be necessarily be valid for diatoms because they can deplete 384 ambient Si(OH)4 during growth, and because surface waters are susceptible to 385 processes such as upwelling, and advection or mixing of water masses. 386
In an attempt to account for this potential bias, we have collated data from the 387 literature that are most likely to have grown in seawater of known composition. These Fig. 6 ). We also include a core-top sample from a 391 nutrient-rich region of coastal Antarctica (Table 1) experiments that appear to show that the fractionation factor in diatoms is 401 approximately constant (de la Rocha et al., 1997). However, it is also possible that the 402 link between Si(OH)4 concentration and Si isotope fractionation by sponges is a real 403 biological phenomenon and further investigation is required to prove or disprove such 404 a relationship. 405
Core-top spicules 406
The core-top δ 30 Si data for sponges, for samples located near seawater silicon isotope 407 measurements or from well-characterized water masses, agree well with the 408 calibration for living specimens ( Fig. 2A, B) . As with other studies of this nature, it is 409 challenging to find co-located samples with a global distribution of the ideal range of 410 silicic acid concentrations. In this study, we have combined targeted collections with 411 existing cores selected to be near existing water silicon isotope analyses. 412
The one exception is the Si isotope composition of the Okhotsk Sea, which is not yet 413 known, so the value used here is from the North East Pacific as reported in Beucher et 414 al. (2008) . 415
The agreement between core-top spicules and modern sponges indicate there is no 416 significant influence of early post-depositional dissolution or diagenesis on sponge 417 δ 30 Si. Laboratory studies carried out by Demarest et al (2009) 
on diatom cultures 418
show that the impact of dissolution on diatom opal δ 30 Si is measurable but unlikely to 419 be significant in sediments, suggesting sponge and diatom opal may behave in a 420 similar way in a post-depositional setting. 421
The core-top calibration shows less scatter than values based on measurements of 422 individual modern sponges. This could be in part a consequence of the fact that there 423 are fewer core-top measurements and in part that some of the core-top values were 424 measured using Mg doping, whereas all of the modern sponges were measured by 425 conventional standard-sample bracketing. However, the improvement in uncertainty 426 afforded by Mg doping is less than the scatter in the modern calibration data and 427 cannot explain all of the variability observed. This result suggests that there is some 428 natural variability between individuals, possibly due to small-scale variation in 429 Si(OH)4 concentration or variable physiological conditions, which is averaged out 430 through the mixing of spicules from different individuals during early sedimentation. 431
Although the relationship between δ 30 Si and Si(OH)4 is non-linear ( Fig. 2A) , the proxy 432 works well in a range (between 5-120 µM) suitable for the majority of Quaternary 433 paleoceangraphic applications. Taking the data within this range, it is possible to 434 simplify the fractionation model described above by assuming a linear relationship 435 between 5-120 µM, or by assuming a hyperbolic relationship between Si(OH)4 and 436 Statistical analyses indicate that this fit can predict Si(OH)4 within ± 15 µM, which is an 442 improvement on previously reported uncertainty based on individual sponges (Fig. 7) . 443
Although it would be beneficial to obtain more data from other core-top locations to 444 test the proxy further, our results from modern and core-top samples demonstrate 445 that the δ 30 Si value of sponge spicules from sediments can be used to reconstruct past 446 
